Introduction
In the chemical engineering curriculum, the unit operations laboratory course traditionally serves several key roles in the development of students as professional engineers. The primary goal of the course is to apply chemical engineering theory learned in core courses to the operation of equipment. As part of this process, however, numerous additional skills are often also learned and/or emphasized: experimental design, instrumentation, technical communication, teamwork, and critical thinking, to name a few. [1] [2] [3] The structure and implementation of the laboratory course will necessarily have a significant impact on the extent to which these skills are developed. In particular, the use of open-ended laboratory activities, as opposed to narrowly defined "recipe"-style activities, seems to be particularly critical for learning and thinking skill development, as shown by several studies in chemical engineering unit operations courses. One previous study suggests that the use of "illposed problems" in unit operations can improve teamwork, critical thinking, and problemsolving, and that active engagement of the students in the problem-solving process can improve retention, decision-making, and self-directed learning. 1 Similarly, another unit operations study discusses how inquiry-oriented activities with troubleshooting, feedback, and discourse with an instructor can also improve critical thinking and goal-setting. 2 Other faculty at the University of Calgary indicate that an experimental design approach with open-ended problems leads to increased student learning and performance when compared with an approach using traditional "recipe-style" laboratory activities. 3 More generally, team-focused project-based learning of this nature has been shown to be beneficial on a broad scale, due to increased student motivation and satisfaction (vs. traditional learning methods) [4] [5] as well as due to the enhanced development of skills including data collection and presentation, critical thinking, and independent learning. [5] [6] [7] Theorists have noted that these beneficial characteristics are likely due to the social nature of the learning that occurs (following Vygotsky's social constructivist theory), in which the task involves active engagement, authentic tasks, application of knowledge in multiple representations, and learning communities. [8] [9] Furthermore, project-based learning methods compare favorably with the skills necessary for graduating engineers, as identified by the Accreditation Board for Engineering and Technology (ABET) in outcomes (a)-(k) of Criterion 3. 10 For example, outcome (b) is written as "an ability to design and conduct experiments, as well as to analyze and interpret data", which connects directly to an open-ended laboratory approach. Similarly, outcome (e) requires "an ability to identify, formulate, and solve engineering problems", which coincides directly with providing student teams with "ill-posed problems". From these sources, an open-ended approach would seem favorable for learning on multiple fronts.
Focusing on more affective benefits, active approaches such as senior engineering capstone courses have been shown to aid specifically in the development of student self-efficacy, or a complete the goals. All of the unit operations were framed within the context of a "real-world" situation (e.g., gas absorption to reduce CO2 emissions, pumping water through a plant) so as to increase student engagement and "buy-in". Instructions were provided on how to operate the equipment, but not necessarily on how to obtain any of the necessary data. It was up to the student teams to review the theory behind the operation of the equipment, research standard analysis methods, and develop safe experimental protocols to find the necessary data to achieve the goals set out by the instructors.
Structured Teamwork
In previous versions of the course, students were randomly assigned to teams and instructed to take on roles to divide up the necessary tasks. However, these roles were never enforced by the instructor or the TAs, and anecdotally, the author notes that most students disregarded the roles entirely.
In the revised course, students were randomly assigned to small teams and rotated through defined roles. Responsibilities were divided up so that each role would focus on a separate aspect of the project. For example, the Team Leader was responsible for time management, overall report formatting, learning the primary theory, and making the final presentation as a representative for the entire team. The Experimental Engineer, on the other hand, was responsible for ensuring safe operation of the equipment and designing the in-lab experimental work. Finally, the Analyst was put in charge of the data and error analysis. Rotating roles served several purposes: first, they helped to divide up the work which helps eliminate "squabbles" among teammates about workload balance; second, they helped ensure that each team member experienced each type of activity (versus, for example, one team member always performing the data analysis because they're "good at it"); finally, the inclusion of roles allowed the instructors to more fairly assign grades among team members, which is especially important in the case of a "slacker". For grading, each part of the report was divided up by role, so if one team member did not properly complete their section of the report, the other team members would not get penalized as much as they would in a more traditional grading system (i.e., where everyone receives the same grade). For more details on the division of tasks as defined by the grading rubrics, see Appendix A.
Emphasis on Communication Skills
Previously, students were required to complete short prelab assignments for each lab activity containing basic conceptual questions on the unit operation in question. Following the lab activity, students filled in a worksheet with the relevant data. For the demonstration-style activities, the students were given previously obtained data and required to write a report analyzing the data and the unit operation. All assessments were graded by graduate student TAs, but feedback was generally neither timely nor detailed. Writing skills were not assessed in any formal or consistent manner, if at all, and students were given no opportunity to practice oral presentation skills.
would need to review the most critical information about their unit operation, including the principles of operation, safety concerns, and critical equations for data analysis; this would help the students prepare for their lab work. The oral presentation would be given only by the Team Leader to encourage teamwork and to imitate a "real-world" experience in which a manager might need to be responsible for his or her entire project.
Faculty Feedback
In the past, the course was taught by a single faculty member who would occasionally check in on the students during lab (to make sure that things were running smoothly), but did not necessarily engage the students in any meaningful way. As mentioned above, grading of assignments was performed by TAs who often did not provide useful or timely feedback.
This past year, the course was co-taught by two faculty members. As part of every single lab session, at least one instructor would check in and interact with the student teams, answering any questions and offering guided questions to help them succeed in their tasks. However, guidance was often kept purposely "vague" to encourage independent thinking and self-directed learning from the students.
Furthermore, reports and presentations were graded by both faculty members based on detailed rubrics (see Appendix A) in an effort to standardize grading across groups and to better communicate instructor expectations. Each rubric included a focus on formatting and communication skills in addition to theory and data analysis. All written reports were provided with detailed corrections and feedback about writing style and formatting, and report revisions (to earn back lost points) were encouraged for the first pre-lab and full lab report. Most graded reports were returned before the next report of that type was due so that the feedback could be used to improve the next report.
Minimization of Lecture
Previously, the course included weekly lectures on topics relating to the unit operation lab activities as well as other topics relating to working with equipment in industry. Due to the rotating nature of the lab activities among groups, many of the lectures were presented after many teams had completed the relevant activity, making them effectively useless. The content in other lectures was never assessed or utilized in any way by other parts of the course, leading to low student engagement with the content.
In the revised course, lectures were only given for the first third of the semester and were limited to "critical" topics that would either be directly relevant to their lab activities (i.e., error propagation analysis, chemical process safety, instrument diagrams, communication skills, and utilizing the library resources to find technical references) or would not be covered in any of their other courses (i.e., types of flowmeters, rotameter calibration).
Methods
Students completed an instrument to measure engineering self-efficacy both at the beginning of the course and after the course had ended. The instrument was identical to that validated by Mamaril et al. 16 but with one major change: items related to tinkering self-efficacy were omitted. This was done because the unit operations course did not focus on students' ability to tinker (assemble, disassemble, or build machines) and therefore should not have much effect on students' self-efficacy in this area. Furthermore, Mamaril's validation study showed through factor analysis that each self-efficacy subscale (i.e., general, skills, tinkering, or design) was separate from the others. Therefore, the omission of tinkering self-efficacy from the present study should not have any effect on the results because each subscale (and the items within it) is treated separately. In summary, the final self-efficacy instrument used in this study assessed students' beliefs about their general engineering capabilities as well as their beliefs about their experimental and design skills.
In addition to the self-efficacy instrument, the post-course survey also included items relating to how effectively the course achieved its learning objectives as well as which parts of the course (teams, roles, open-ended problems, instructor interactions, TA interactions, pre-labs, lab reports, oral presentations, or lectures) contributed to the students' learning and why. The items about the learning objectives were on a 6-point Likert scale (1 = strongly disagree, 6 = strongly agree). For the items about contributions to learning, students were first asked how important each part of the course was for their learning (5-point Likert scale where 1 = not at all important, and 5 = extremely important). They were also asked which particular part of the course contributed most and least to their learning and why. Finally, students were asked to describe anything else they felt the researchers should know about their beliefs in their engineering skills, their achievement of course learning objectives, or the effect of the course structure on their learning.
Out of a total of 40 students in the course, 33 consented to provide their information for the study and also completed both the pre-and post-course surveys (an 82.5% completion rate). Changes in the self-efficacy scores were evaluated relative to student gender, ethnicity, and ACT composite score. These data were obtained with student consent from the office of the Registrar. A total of 17 female and 16 male students were surveyed. Ethnicities were divided into three sub-categories: (1) White (any students with White as their only race, N = 21), (2) Asian (any students with Asian or Asian and White listed as their race(s), N = 7), and (3) Underrepresented Minorities (URM, any students listed as Hispanic, Native American, Black, or Pacific Islander, or any of these in addition to White, N = 5). ACT composite score is defined as the average of ACT English, reading, science reasoning, and math, or the total SAT score (verbal + math) converted to an ACT composite score.
All statistical calculations were performed using the Statistical Toolbox in MATLAB. Comparisons between two means were performed using two-tailed paired-sample t-tests. For comparisons of more than two means or to test significance of external factors, ANOVA was performed followed by Tukey's Honestly Significant Difference (HSD) test. p-values less than 0.1 were considered weakly significant, and p-values less than 0.05 were considered strongly significant.
Results and Discussion

Engineering Self-Efficacy
The results of the engineering self-efficacy test are shown in Table 1 . When comparing mean pre-course and post-course scores, there was no significant improvement in any self-efficacy subscale (general, skills, or design), although the average of each scale increased slightly. Looking at the instrument items individually, six of the items showed a significant improvement. All six of these items were in either the skills or design subscale, and related to communication and design evaluation/solutions. Because improvements in self-efficacy were significant only for individual items (and were not significant for the General, Skills, or Design subscales), all further analysis of self-efficacy was also performed item-by-item.
In analyzing the results for each self-efficacy item, the authors were additionally interested in seeing if there was any effect from other outside factors, including gender, ethnicity, and ACT scores. Historically, science, technology, engineering and math (STEM) fields have exhibited a "leaky pipeline" with regards to women and minorities. 17 These students often leave STEM due to, e.g., a lack of support structures, stereotype threat, and cultural isolation, 18 so it seems reasonable that lower self-efficacy could also contribute to the "loss" of students in STEM. Other studies suggest that active learning methods (such as those employed in this study) are beneficial for women and minorities. [19] [20] Together, these ideas indicate that gender and ethnicity could be important factors. The authors also looked at the potential effect of ACT scores, a measure commonly used to indicate the level of college preparation. It could be argued logically that students who come to college more prepared (as evidenced by a higher ACT score) could have higher engineering self-efficacy. Thus, the authors were primarily interested in controlling for this outside factor (i.e., to see if changes in self-efficacy persisted even when the effect of ACT score was removed).
To assess the effect of gender, ethnicity, and ACT composite score, a three-way ANOVA was performed on the differences in item scores. A single item (#1, "I can master the content in the engineering courses I am taking this semester") was weakly significant with relation to ethnicity. Similarly, a single item (#6, "I can perform experiments independently") was significant with relation to ACT score. No items were significant with relation to gender.
In order to assess the potential effect of gender more closely, the differences in the means of female and male students were also compared using t-tests. Only item #2 ("I can master the content in even the most challenging engineering course if I try") showed a significant difference between genders, with females improving their average score by an additional 1.01 compared to males (p = 0.023). This lack of overall difference matches with Mamaril's results, in which there was no significant distinction in engineering self-efficacy between men and women. 16 Similarly, to assess the potential effect of ethnicity, the differences in the means of White, Asian, and URM students were compared using Tukey's HSD test. The only significant differences among ethnicities were found for item #1 ("I can master the content in the engineering-related courses I am taking this semester"). White students showed weakly greater improvement on this item (p = 0.054) compared with Asian students. URM students also showed weakly greater improvement on this item (p = 0.076) compared with Asian students. 0.39* Overall, the self-efficacy scores demonstrate that students showed an improvement in their beliefs about their engineering communication and design skills, but that these improvements were not necessarily linked to gender, ethnicity, or ACT scores. Although this result does not necessarily match expectations related to these external factors, it is possible that the effect is indiscernible due to small sample size. Alternatively, because the course involves senior-level students, it is also possible that any effects from gender, ethnicity, or college preparation have already been "equalized" by several years of college study in which most of the students have known each other and worked together for several years.
Additionally, students did not show improvements in their self-efficacy relating to engineering content mastery ("General" subscale) or experimental design or analysis (items 6-7). The improvement of self-efficacy in communication skills (items 8-9) might have been expected from the strong emphasis on writing and presentation skills in the course. Also, the improvement in design self-efficacy scores ("Design" subscale) might be related to the emphasis on designing experiments and analysis to achieve the semi-ambiguous goals of the lab. As far as self-efficacy relating to general engineering content mastery, it is not necessarily surprising that there was no significant score improvement, as the students in the unit operations course are seniors and have had several years of engineering courses with which to bolster their confidence in their classroom abilities. In the words of a student,
I've always been fairly confident in my ability to learn and do well in STEM courses, I don't think the way this course was run affected my belief in my skills in either a positive or negative way.
It is somewhat interesting that there was no improvement in self-efficacy relating to experiments or data analysis (items 6-7), as these skills were also a focus of the revised unit operations course. This lack of improvement could also be due to the fact that the students are highly experienced seniors, the majority of whom have been engaged in research and other lab experiences during their tenure as undergraduate students. Together, it can be seen that students' self-efficacy did improve over the semester in which they took the unit operations laboratory course, and those aspects that did improve are likely related to the revised course format, which emphasized communication and experimental design skills.
Achievement of Course Learning Objectives
As part of the post-course survey, students were asked about how well they perceived the course to have achieved its learning objectives. The results are shown in Table 2 . The items were structured with a 6-point Likert scale in which "1" indicates strong disagreement that the learning objectives were achieved, and "6" indicates strong agreement that the objectives were achieved. For every single learning objective, the median score was equal to 5 ("agree") and the average score was above 4.5, indicating that the students felt that the course achieved its objectives.
The highest-scoring item concerned learning how to use chemical engineering theories and principles for the analysis of unit operations (score = 5.09). This result might have been expected since the focus of the course experiments was to apply theory to the analysis of chemical engineering equipment. The next-highest-scoring item (score = 4.94) concerns the students' understanding of how chemical engineering processes are useful in chemical engineering-related industries. Although this concept was not necessarily a focus of the course, all of the lab experiments were set in the context of a "real-world" situation, which could have contributed to the successful achievement of this learning objective.
The lowest-scoring items were associated with the application of effective experimentation techniques (score = 4.48) and safety procedures (score = 4.55). While the students on average felt that these objectives were achieved, these lower scores indicate areas for improvement. As part of the course, the students were expected to research and develop effective experimentation techniques and safety procedures, but these concepts were not explicitly taught, possibly resulting in lower achievement scores for the related learning objectives. 
Contributions of Course Components to Learning
Because many changes were made to the course structure and implementation, it was essential to determine which component(s) were critical for student learning. First, students were asked to rate the importance of each component on a scale from 1 (not at all important) to 5 (extremely important). Results are shown in Figure 1 . Next, students were asked to choose the component that contributed the most to their learning and the component that contributed the least to their learning. These results are shown in Figure 2 . 
Figure 2. Students' perceptions of the most and least important course components for their learning. Bars indicate percentage of students choosing that response (N = 33).
The least valuable course component was clearly the course lectures, which had a statistically lower rating than any other component (p < 0.01 for all comparisons) and were also chosen by the majority of students to be the least important for their learning. This result is likely due to the style and quality of the lectures, which were largely topic summaries that did not contain any forms of active learning or student engagement. In the words of one student: Out of the remaining components, TA interaction and feedback was the only other item with an average score indicating unimportance (2.73). This result is not unexpected, as the primary job of the TAs as to make sure the students maintained safe conduct in the lab. Further, the TAs were told not to give students the answers to their questions if those questions were related to achieving the lab goals, as the instructors wanted the students to learn to find the information on their own. Thus, the TAs often did not interact much with the teams or provide direct feedback on the teams' work.
On a more positive note, the remaining components of the course were all rated on average to be at least slightly important for learning. In particular, those factors most often chosen to be the most important were the lab reports, working in teams, oral presentations, and the open-ended nature of problems. These choices were explained by some of the students as follows (emphasis added):
The lab reports required us to deeply examine all of our data and come up with an explanation for it in a clear and concise way. After they were done, all of the concepts of the lab really came together and were solidified in our minds. These data and representative comments demonstrate that several of the modifications to the course were critical to its success with regards to learning. In particular, requiring the students to write full lab reports on their topics (as opposed to filling in a worksheet) seems to have been quite helpful to the synthesis of knowledge. Similarly, the addition of oral presentations seems to have also been helpful for content mastery. It is also encouraging to see that the open-ended nature of problems was also chosen by several students to be the most important factor for learning, as this change was central to the redesign of the course.
Working with my team allowed me to talk over theory with others to ensure I was correctly using it in my written and oral assignments. In addition, working in a team
Overall Course: Achievement of Goals, Room for Improvement
From the above data, it is clear that several components of the modified unit operations course contributed strongly to student learning and growth in the area of engineering skills and design.
In particular, requiring a formal report of their findings was reported by the students to result in the strongest internalization of course concepts and content. Anecdotally, however, the instructor notes that the open-ended, project-based format of the lab activities likely contributed more to learning than the students may have realized. In the old version of the course, students rarely discussed any of the chemical engineering principles with each other. Instead, they would hurry to get through the lab instructions and get the required data as quickly as possible, never stopping to reflect on how their actions related to the theory behind the unit operation. In the revised version of the course, student groups would often have detailed discussions on how the equipment operation related to particular theoretical results, or about what a certain result might mean, or how they might achieve a certain result through the manipulation of the equipment. Teams did not rush through the labs to try and "check the boxes" -they wanted to make sure they were obtaining the correct data. In short, every single student appeared to spend significantly more time (1) thinking about the principles of chemical engineering unit operations and (2) reflecting on how his/her procedures related to his/her data.
The open-ended format of the activities was not always considered enjoyable by the students, but many considered it effective or useful, especially because it was intended to be closer to a "reallife situation" than most courses. As one student noted, Although some of the course components succeeded in their purpose of improving learning and engagement, other components will clearly need further revision and improvement. From the students' reporting described above, the lecture component of the course will likely need the most focus. Lecture topics should be better chosen to reflect skills they will need for the rest of the course, and the lecturer should delve into the topics in more detail so as to cover more than superficial information. Further, more active learning should be employed to engage the students in the topics. Apart from lecture, other facets of the course could be improved. For example, several students remarked that the rubrics did not scale properly or were too ambiguous. Based on this feedback, the rubrics have already been substantially revised for next year to address some of these issues (see Appendix A). With regards to student roles, the distribution of responsibilities resulted in the experimental engineer having substantially less work to do than the Team Leader or Analyst. These roles will be revised next year to transfer some of the Analyst's responsibilities to the Experimental Engineer.
One of the other key areas for improvement is in the area of instructor feedback to students. One student made the following comment:
While I like how we were given a lot of time for each lab, the overall structure didn't help us truly learn the theory behind each unit operation. It was hard to know if you were doing anything right because there was a lack of verification.
Although the instructors would spend time in the lab each week with each team, the teams did not experience any formal feedback until the time of the oral presentations and report grading. This practice resulted in a lot of student uncertainty and frustration. Although many of the student teams succeeded in completing all of their lab goals, there was no mechanism to prevent some student teams from going down the wrong track entirely and missing some of the primary concepts of the lab. A more formal method of communicating team experimental plans (either via a short written description or an in-person meeting with the instructors) could go a long way to ameliorating these issues in future versions of the course.
Conclusions and Future Work
The revision of a unit operations laboratory course to be more open-ended and focus on technical communication resulted in many positive outcomes: increased student self-efficacy in the areas of communication skills and design, achievement of course learning objectives, and increased inlab student engagement. With regards to self-efficacy improvements, there was no perceived effect of gender, ethnicity, or ACT score, indicating that students generally benefited from the revised course experience. From student reporting, lectures were the least useful component of the course, while lab reports, oral presentations, teamwork, and open-ended problem-solving contributed the most to their learning. Future versions of the course will focus on redesigning lectures to be more detailed with added active learning activities and to increase instructor feedback midway through each lab unit.
Introduction
Throughout the course, detailed grading rubrics were used to assess students' work. Furthermore, the tasks were divided up by student role such that roles were enforced and students would be sure to engage in all aspects of an experimental project at some point during the semester. The rubrics used in the course were modified from rubrics developed and generously provided by Prof. Enrico Martinez (Purdue University). After a semester of use, numerous modifications were made so as to more accurately describe the various levels of achievement and to improve equity in the division of tasks. Presented here are the updated/modified rubrics. Although these are the not the exact rubrics used in the study, the authors feel that they would be more helpful to the community.
These rubrics were created in Microsoft Excel. The instructors created one Excel file per team in which each sheet within the file contained a rubric for one of the assessments. One final sheet in each file summarized the scores per student for easy grade management at the end of the semester.
There were three types of assessments in the course: Pre-Lab Memo, Final Lab Report, and Oral Presentation. For the Pre-Lab Memo and the Final Lab Report, there are two versions of each rubric for two-and three-person teams (as the work needed to be divided differently for a twoperson team). The Oral Presentation was always done by a single team member (the Team Leader), so there is only one rubric for this assessment. Note that most teams were composed of three members, but due to enrollment numbers not always being multiples of three, two teams (out of fourteen) were made up of two students each Project goals successfully accomplished with a few minor errors.
Pre-Lab Memo Rubric: 3-Person Team
The audience is left knowing that the team accomplished the project goals.
Organization & Style 1
Sequence of information is difficult to follow. No apparent structure or continuity. Purpose of work is not evident.
Work is hard to follow at times, sequence seems out of order. Purpose is stated but unsupported.
Information is presented in a logical manner and is easily followed. Purpose of work is stated and supported.
Information presented in a logical, mostly interesting way, and is easily followed. Purpose of work is clearly stated and supported throughout presentation.
Information presented in a logical, interesting way, and is easily followed and fluid from beginning to end. Purpose is clearly stated, and well supported throughout presentation. 
Visual Aids
